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Overhauser dynamic nuclear polarization (ODNP) NMR of solutions at high fields is usually mediated by
scalar couplings that polarize the nuclei of heavier, electron-rich atoms. This leaves 'H-detected NMR
outside the realm of such studies. This study presents experiments that deliver 'H-detected NMR exper-
iments on relatively large liquid volumes (60 ~ 100 pL) and at high fields (14.1 T), while relying on ODNP
enhancements. To this end '3C NMR polarizations were first enhanced by relying on a mechanism that
utilizes e™-13C scalar coupling interactions; the nuclear spin alignment thus achieved was then passed
on to neighboring 'H for observation, by a reverse INEPT scheme relying on one-bond Jcy-couplings.
Such 3C — 'H polarization transfer ported the >C ODNP gains into the 'H, permitting detection at higher
frequencies and with higher potential sensitivities. For a model solution of labeled '*CHCl; comixed with
a nitroxide-based TEMPO derivative as polarizing agent, an ODNP enhancement factor of ca. 5x could
thus be imparted to the 'H signal. When applied to bigger organic molecules like 2-'3C-
phenylacetylene and '*Cg-indole, ODNP enhancements in the 1.2-3x range were obtained. Thus, although
handicapped by the lower 7 of the '3C, enhancements could be imparted on the 'H thermal acquisitions
in all cases. We also find that conventional 'H-'3C nuclear Overhauser enhancements (NOEs) are largely
absent in these solutions due to the presence of co-dissolved radicals, adding negligible gains and playing
negligible roles on the scalar e —!>C ODNP transfer. Potential rationalizations of these effects as well as
extensions of these experiments, are briefly discussed.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

ize solids and in vivo metabolic NMR [3-13], solution-state NMR
has not seen comparable successes yet - particularly when exe-
cuted at the high magnetic fields of interest in analytical spec-

NMR is a powerful analytical tool to investigate the structure
and dynamics of molecules in solutions. Despite its advantages,
NMR suffers from an intrinsically poor sensitivity reflecting weak
magnetic interactions that lead to small spin polarizations and,
sometimes, from a low natural abundance of the NMR active
nucleus of interest. Dynamic Nuclear Polarization (DNP) is an effec-
tive and versatile technique that can be used to increase NMR’s
sensitivity; DNP takes advantage of an electron’s large gyromag-
netic ratio, and transfers its intrinsically larger polarization to
nuclei for their NMR investigation [1-2]. However, while the high
efficiencies of electron — nucleus polarization transfer mecha-
nisms at cryogenic temperatures have enabled DNP to revolution-
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troscopy. Liquid state DNP operates primarily through the
Overhauser DNP (ODNP) mechanism, whereby a free radical dis-
solved in solution exhibits fluctuating interactions between the
paramagnetic electrons and the target nuclei under NMR investiga-
tion [14]. When the electron spin polarization is perturbed away
from equilibrium, for instance by the continuous application of
microwave (MW) irradiation at its Larmor frequency, these time-
dependent interactions lead to a cross-relaxation between the
electron and the coupled nuclei of interest, eventually transferring
the electron spin polarization to the nucleus [15]. The extent of this
ODNP enhancement will depend on both the degree of saturation
imparted on the electron spin resonance (ESR) line, and on the effi-
ciency of the electron/nuclear cross-relaxation. These processes
can become significantly inefficient as the targeted solution is
studied in increasing magnetic fields. On the hardware side, the
main obstacle to high-field solution-state ODNP is the requirement
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for ever higher MW powers for saturating the ESR line(s): a typical
sample, prepared based on nitroxides as ODNP polarizing agents,
will require ~ 0.2 mT B, fields to achieve this saturation at high
fields [16]. Reaching such B, values requires the use of microwave
resonant cavities [17-18], or high power sources such as gyrotrons
[19-21]. Resonant cavities overcome the necessity of using a high
MW power, but restrict the sample volumes to sub-microliter
ranges and add significant complexity to the radiofrequency (RF)
resonator design, making it difficult to integrate multiple RF chan-
nels while maintaining a high efficiency [22-23]. On the other
hand, the use of high powers may enable the utilization of a con-
ventional liquid-state NMR probe-head that allows the use of a
large sample volume. However, unless special provisions are taken,
this method cannot avoid inducing substantial sample heating
[24]. An even more fundamental challenge is posed by the lack of
efficiency of the electron-nucleus cross-relaxation at high mag-
netic fields [25]. Improving this requires tailoring the solution state
dynamics to match ever shorter time scales, demanding for
instance the use of supercritical fluids as low-viscosity solvent
media [19,26]. Alternatively, an ODNP-efficient cross relaxation
can be found in radical-target combinations where the free elec-
tron is effectively coupled to specific nuclear sites on the target
molecule via contact hyperfine interactions [17-31]. While
strongly site-specific, the ODNP mechanism that relies on this e -
nucleus contact hyperfine interaction has been shown to remain
significant even at high magnetic fields [17,20,23,30-31]. This
mechanism is based on scalar interactions that require significant
electron densities localized, albeit transiently, in the polarized
nucleus. Because of this, scalar ODNP enhancements have been
reported for heavier species such as >C, 3'P, '°F and °N
[17,20,24,27], but leaves outside their realm 'Hs, the species with
highest intrinsic sensitivity out of all conventionally observed
NMR nuclei.

This situation is not exclusive to scalar-based solution-state
ODNP: Numerous hyperpolarization methods have emerged,
where >N or 13C species can be efficiently polarized, but 'H coun-
terparts will either not polarize or not maintain their polarization
sufficiently long for enabling meaningful measurements. Given the
advantages resulting from relying on the bigger gyromagnetic ratio
of 'Hs, a number of experiments have been recently reported
whereby dissolution DNP [32-35], CIDNP [36], or PHIP/PASADENA
[37] experiments, are complemented for transfers to 'H for an
enhanced detection. These transfers could happen spontaneously
[38] or, more commonly, via J(°N-'H)- or J(*3C-'H)-based polar-
ization transfers [39-41], leading to an additional gain in sensitiv-
ity and occasionally in resolution as well [32-38]. This work is
based on a similar concept, but for polarization enhancements that
rely on scalar-driven ODNP on '3C species on large volumes and at
high fields. These experiments are demonstrated on model solu-
tions containing '>*CHCl;, 2-'3C-phenylacetylene and '3Cg-indole,
which are enhanced by ODNP using TEMPO as the polarizing rad-
ical. When passing this ODNP-enhanced '3C polarization to directly
bonded 'Hs by reverse insensitive nuclei enhanced by polarization
transfer (rINEPT) schemes, signal increases of ca. 5-fold are
achieved on the 'H spectrum when compared with microwave-
less acquisitions. Double-resonance investigations also clarify the
role of the protons in the e"—'3C DNP transfers. These approaches
make a suitable starting point to exploit ODNP enhancements on
TH NMR, as well as to build 2D liquid-state NMR experiments at
high magnetic fields. It is worth remarking that while this study
was undergoing peer review, a similar study relying on hardware
developed for solid state DNP NMR at 400 MHz and smaller sam-
ples was reported by Rao et al. [50].
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2. Experimental details

ODNP NMR experiments were performed in a 14.1 T Oxford
magnet interfaced to a Tecmag Redstone NMR console configured
for 'H operation at 600 MHz. A Bruker-CPI second-harmonic
395 GHz gyrotron was used as a high-power MW source, with a
quasi-optical bench to control beam power and polarization, and
a shutter to rapidly switch the MW irradiation on and off [24].
The MW power used in all ODNP experiments presented in this
work was 13 W. The probe used in the experiments is based on a
Varian HX 600 MHz direct-detect broadband 5 mm solution state
NMR probe, modified with a customized sweep coil for targeting
various radicals, as described in a previous publication [27]. The
probe was fitted with a smooth-walled microwave waveguide that
replaced the probe’s original glass Dewar (Fig. 1a), and ended up at
the coil deck with a custom-designed spline-profile horn, shining a
TE11 mode MW beam with a 3 mm diameter directely at the sam-
ple located inside the NMR coils. Unlike an earlier design were this
“sample-waveguide” completely enclosed the sample tube
throughout the working length of the NMR coils, [27] the new
design uses the sample and sample tube as a dielectric waveguide
to contain the MW beam (Fig. 1b). Just below the sample, the TE11
mode waveguide was cut horizontally with multiple slots with a
spacing optimized to increase the efficiency of the radiofrequency
irradiation at the sample while minimizing the MW transmission
losses at 395 GHz. These slots also serve as a path for flowing a
stream of nitrogen gas to cool the sample, delivered from the bot-
tom of the probe through the MW waveguide, thus helping to
reduce the microwave heating. This design allows us to simultane-
ously tune both RF channels ('H and X, where X = 3'P, 3C or '°N)
for double resonance experiments, while allowing an efficient
microwave irradiation on the sample. The sample tube is made
of fluorinated ethylene propylene (FEP), a material transparent to
microwaves. The index of refraction of FEP is about 1.5 [42], similar
to that of typical NMR solvents; this index is larger than that of the
surrounding air (=~ 1), allowing the sample-FEP tube combination
to act as a dielectric waveguide for the microwaves. A MW nuta-
tion measurement using an in-situ pulsed EPR spectrometer on
the same setup [27], yielded a peak MW magnetic field of 4.75
uT (133 kHz) with a 7 mW source power, corresponding to a B,
~ 0.2 mT (5.6 MHz nutation frequency) at the gyrotron-supplied
MW power. Figs. 1c, 1d show 3C and 'H nutation curves measured
using this custom-designed double-resonance ODNP NMR probe;
well-defined 10 ps and 24 ps 90° excitation pulses were exhibited
for the 3C and 'H channels for ca. 120 and 50 W RF powers, respec-
tively. Based on these nutation behaviors we estimate 8 % and 14 %
deviations (Ion/2/Ix2 = 0.92 and 0.86, respectively) [47] in the RF
homogeneity over the full sample for the '3C and 'H channels,
respectively, confirming essentially no disturbances from the
waveguide components or the sweep coil, on the RF performance
of the probe.

Sample solutions containing a variety of target molecules
-13¢Cly, 3CHCl5, 2-'3C-phenylacetylene and '3Cg-indole- were
chosen to examine the ODNP-driven '3C signal enhancements.
These compounds probe the e —'>C ODNP phenomenon on
TH-13C moieties with sp?, sp? and sp hybridizations, all of which
have been shown to exhibit '*C NMR enhancements as driven sca-
lar ODNP. [23,29,43-45] The sample solutions formulated for the
DNP experiments were as follows: (1) a mixture of 2 % v/v '3*CHCls,
8 % vjv 13CCly and 10 mM 2,2,6,6 tetramethylpiperidinyloxy
(TEMPO) radical in 100 pL hexane-dq4; (2) a solution of 0.32 M
2-13C-phenylacetylene and 10 mM TEMPO in 60 uL n-heptane-
dqe/toluene dg (v/v = 3/1); (3) a solution of 0.44 M '3Cg-indole
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Fig. 1. (a) Schematic of the customized 'H-X double-resonance ODNP NMR probe-head used in this work, highlighting the smooth-walled probe waveguide used to channel
the Gyrotron beam to the sample, the slotted waveguide, and the RF coils. During DNP the samples are cooled by a nitrogen gas stream flowing through the waveguide. (b)
Slotted waveguide with FEP sample tube partially inserted into it; during experiments the FEP tube sits inside the 2.5 cm long NMR coils. (c, d) >C and 'H nutation
measurements carried out on a sample of 25 % '*CHCl; and 10 mM TEMPO in '3CCly, using the double-resonance ODNP probe.

and 10 mM TEMPO in 60 pL n-heptane-d;¢/p-xylene-dio (v/
v = 4/1). All these solutions were based on non-polar solvents such
as hexane and heptane that are relatively transparent to micro-
waves; a minimum amount of toluene or p-xylene was added as
an auxiliary solvent to ensure the solubility of phenylacetylene
and indole, respectively. All these compounds were purchased
from Sigma-Aldrich and used as purchased. These sample solutions
were pipetted into 3 mm OD / 2 mm ID FEP tubes for the experi-
ments, that were either welded shut or closed with a Teflon cap
for the DNP NMR experiments. All solutions were deoxygenated
by performing 5 freeze-pump-thaw cycles under Ar gas environ-
ment before preparation; additionally, the filled sample tubes were
stored in a glove box for 2 or 3 days under an Ar environment to
allow any dissolved oxygen to diffuse out of the solution; the cool-
ing nitrogen gas (vide supra) prevented any oxygenation during
the experiments themselves. The 10 mM TEMPO concentration
used in these tests came out of a series of optimization studies,

where the efficiency of the scalar ODNP was high enough to allow
us relatively short MW CW irradiation times (thereby limiting
MW-induced heating), while leaving a long enough nuclear T; time
to enable an efficient polarization. Radical concentrations were
verified using a Bruker EMXnano EPR spectrometer before carrying
out the ODNP experiments.

Fig. 2 shows the NMR pulse sequences used in this work.
Directly polarized '3C or '"H NMR spectra were acquired using a
single 90° pulse or a 90°-t-180°- T Hahn echo sequence (to elimi-
nate a ca. 10 ps ringdown time ascribed to the presence of the
metallic waveguide and potential 'H or '>C background signals),
with or without 'H or '3C decoupling (Fig. 2a). WALTZ-16 [46]
was used as 'H- or '3>C-decoupling sequences; 4.5 kHz nutation
fields were used for 'H decoupling and 7.1 kHz for '3C. The e-'3C
ODNP effect was initiated by turning on the MW irradiation for a
time d, before applying the RF pulses. To limit sample heating,
the gyrotron beam was gated “on” using a mechanical shutter over
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Fig. 2. ODNP NMR pulse sequences employed in this study. Black rectangular bars
represent 90° pulses, and empty rectangular bars represent 180° pulses. Microwave
gating was turned on for a delay time d, prior to the application of RF pulse(s), and
turned off for all other periods including d;, acting as recycling delay. A 'H
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indirect 'H observation via a '>C—"H rINEPT signal transfer. Shown in (c) is the
refocused '*C—'H rINEPT sequence with '>C decoupling. Delays in (b,c) were tuned
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typical d, times of 1 to 2 s prior to the application of any NMR
pulse; this gate was turned “off” during the RF pulses, the signal
acquisition period, and the recycling delay time d; (5 to 20 s).
The “on” MW irradiation time was adjusted based on the T; relax-
ation time of the polarized nuclei, while the d; time was chosen
relatively long in order to minimize sample heating. In all cases
presented here, peak broadening or shifting due to excessive heat
absorption did not occur under any condition. 'H presaturation
with a 10 kHz RF field was occasionally applied to examine the
potential presence of 'H-'3C nuclear Overhauser enhancement
(NOE) effects. The '3C signals enhanced by ODNP were also
observed indirectly via J-coupling mediated rINEPT '3C—'H
sequences (Fig. 2b and 2c), whose echo times were adjusted to
1/4J(*H-"3C).

3. Results

Before discussing the potential of '>C—'H transfers under
ODNP, we consider it worth examining the extent of the conven-
tional {'H}-'3C NOE effect. 4 % '>CHCl; solutions in CDCl; with
and without 10 mM TEMPO were thus treated with identical cycles
of freeze-pump-thaw deoxygenation, and the NOE effect examined
under Ar gas environments. In the absence of TEMPO a {'H}-'3C
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Fig. 3. NOE and ODNP effects examined on !3CHCl; with and without 'H
presaturation / MW irradiation. (a) NOE effects measured on 4 % '*CHCl5 in CDCls
with and without adding 10 mM TEMPO. (b,c): '*C NMR spectra obtained on 2 %
13CHCls, 8 % '3CCly, and 10 mM TEMPO in 100 plL hexane-d;, without (b) and with
(c) 'H presaturation while turning “off” (center) or “on” (bottom) the MW
irradiation. The “off” spectra were acquired with 4 scans and the “on” spectra with
1 scan. Signal enhancement factors were estimated with respect to the “off”
spectrum without 'H presaturation (areas for each resonance set to 1). The ppm
scale was calibrated using the '*CHCI; peak (77 ppm), measured with 'H decoupling
and without microwaves on a TEMPO-free sample.

NOE signal enhancement factor of 3 was observed after ~8 s 'H
presaturation, which is the theoretically expected value [48]: n =
(I-Ip)/1o ~ 3, where I and Iy are signal intensities measured with
and without 'H presaturation, respectively. However, in the pres-
ence of 10 mM TEMPO, the NOE effect was greatly reduced, leaving
a residual enhancement of 1.2 (Fig. 3a), with everything else being
equal. Fig. 3b and Fig. 3c, respectively, show *C NMR spectra
acquired on this TEMPO-containing sample with and without 'H
presaturation, under thermal equilibrium and under ODNP-
enhanced conditions. Upon irradiating the sample with micro-
waves at 395 GHz both the '3CCl, and '3CHCl; signals were
enhanced, with ODNP enhancement factors € ~ 4.3 + 0.1 and
21 £ 1, respectively (enhancements were always calculated using
areas of the integrated peaks). As reported in the literature the '3-
CHCl; carbon, possessing a directly-bonded 'H, displays an ODNP
enhancement that is significantly greater than that of the proton-
less 13CCl, -apparently because the 'H enables a hydrogen-bond-
like connection with the radical facilitating the e™-!3C scalar cou-
pling interaction [44-45]. As also shown in Fig. 3, the ODNP signal
enhancement detected for the chloroform 'C remains at about 21
(for 13 W MW powers and d; = 2 s) regardless of the presence or
absence of 'H presaturation. This confirms that the '"H-'3C cross
relaxation, which is a mutual process, can be disregarded when
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Fig. 4. '"H NMR spectra measured on a '3CCly/'>CHCl; in the same hexane-dq4
solution as used in Fig. 3. (a) Thermally polarized 'H spectra with '*C WALTZ-16
decoupling; peaks at 1-2 ppm arise from residual hexane 'Hs. (b-d) 'H signals
transferred from the '3C in '*CHCl; upon utilizing '*C — 'H rINEPT (Fig. 2b and 2c)
without (b) and with (c, d) microwave irradiation. 16 scans were used in every case.
The 1/4)J('H-'3C) delay time used in the rINEPT sequence was set for ]
('H-"3C) = 130 Hz.

the targeted molecule is comixed in solution with ~10 mM of a
radical acting as much more efficient relaxation sink.

Fig. 4 illustrates the outcome of applying the various sequences
illustrated in Fig. 2 on the '>CHCl5/'3CCl, solution, when focusing
on 'H NMR acquisitions. Shown on top as an initial reference are
thermally polarized '"H NMR spectra acquired with and without
13C decoupling (Fig. 4a). These 'H signals showed some broadening
but virtually no change in intensity upon MW irradiation, reflect-
ing the unfavorable coupling of TEMPO to protons at high fields*°
and the absence of meaningful e—='H DNP interactions (spectra
not shown). Applying the rINEPT sequence on this '>C-labeled
solution cleans up the residual solvent resonances in the 1-
2 ppm region, but imparts a significant sensitivity penalty by virtue
of the '3C’s lower thermal polarization under these conditions
(Fig. 4b). By contrast, when relying on the '*C ODNP enhancement,
the indirectly-polarized 'H can be obtained with a significant sen-
sitivity enhancement vs its thermal counterpart, via a '>C — 'H
rINEPT block (Fig. 4c); a slightly larger 'H enhancement is observed
when employing the refocused INEPT scheme and '3C decoupling,
even if the longer time required by this module robs the decou-
pling from its full potential: the ideal sensitivity of the refocused
13C-decoupled rINEPT in Fig. 4d should be twice that observed in
Fig. 4c, while the actual enhancement is only ~1.5x. This reflects
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in part the relatively short 'H T of this radical-doped chloroform
sample. Still, the ODNP enhancement factor observed in these
'H-detected experiment was ca. 5x when compared with the 'H
thermal acquisition, and ca. 20x when compared with the rINEPT
'H spectrum obtained if starting from thermal >C polarization.
Considering that the gyromagnetic ratios of '>C and 'H differ by
a factor of 4 these observed enhancement factors are reasonable,
and indicate a good efficiency for the >*C—'H rINEPT transfer.

Fig. 5 presents a similar series of e-'>C-'H scalar-coupling
ODNP NMR experiments, performed on a 032 M 2-13C-
phenylacetylene, 10 mM TEMPO solution in 60 pL heptane-
dyg/toluene dg (v/v = 3/1) (this amount of toluene dg added to bet-
ter solubilize phenylacetylene in heptane-dqg). As in the chloro-
form case this sample was deoxygenated by freeze-pump-thaw
under Ar, and kept in a N, gas stream (precooled to —20 °C) during
the ODNP experiments. Also as in the chloroform case, the NOE
effect arising on the '3C upon presaturating 'Hs in this sample
was much below the maximum theoretical value: about a 1.3x
enhancement was detected, both when observing '3C directly and
when observing the signal transferred to 'H from the '3C following
a rINEPT module (Fig. 5a/5b and 5f/5g). '3C ODNP enhancement
on the C2 of this molecule was ~10.5%, and varied negligibly within
the margin of error (estimated from 3 independent measurements)
and/or if adding 'H NOE by presaturation to the MW irradiation
(Fig. 5¢, 5d). MW irradiation again had no effect on the '"H NMR spec-
trum of this solution, but 'H spectra monitoring the '3C ODNP effect
indirectly via rINEPT transfers (Fig. 5h/5i) showed a 9x increase vs
MW-free acquisitions. These ODNP enhancements were identical
regardless of whether 'H presaturation was or was not used, and
amounted to a ca. 2x gain in the 'H signal sensitivity when com-
pared to the thermal 'H spectrum (Fig. 5e with 3C decoupling). This
observation is again consistent with the ODNP enhancements
observed for 13C, as € ~ 10.57¢/ Yy ~ 2.6 would be the maximum
possible 'H enhancement, with the difference probably reflecting
losses over the course of the transfer.

Fig. 6 presents a final example of 3C- and 'H-detected ODNP
NMR experiments, measured on a 0.44 M '3Cg-indole and 10 mM
TEMPO solution in 60 pL heptane-d;g/p-xylene-do (v/v = 4/1). As
all carbons in this compound were labeled, a variety of enhance-
ments can be seen in this sample -even if at the price of having
multiple homonuclear Jc.c couplings complicating the spectra. As
in the previous cases, the {'H}-'>C NOE enhancements upon 'H
presaturation are relatively modest, ranging from none for quater-
nary carbon C9, to ca. 1.4x for methine carbon C6. Site-specific
enhancements are also a feature of the ODNP-enhanced *C NMR,
with gains ranging from ~1x for C9, to ~3x for methine carbons
C3 and C6. Once again, addition of a {'"H}-'3C NOE effect does not
add significantly to these e"—'3C ODNP enhancements, with mar-
ginal enhancements adding to the ODNP upon turning on a concur-
rent 'H presaturation. All these site-specific signal enhancements
are transferred in a nearly one-to-one fashion upon indirectly
observing them on the 'H NMR spectra, receiving the individual
13C polarizations via rINEPT transfers from their directly-bonded
neighbours (Fig. 6, right-hand column).

4. Discussion and conclusions

The present study explored the effects of heteronuclear NOEs
and of scalar-coupling-mediated ODNP '3C polarization enhance-
ments, on organic solutions of several compounds ('3CHCls,
2-13C-phenylacetylene, 3Cg-indole) codissolved with TEMPO. The
potential of transferring these enhanced '3C signals to 'Hs for final
detection with the aid of rINEPT-based experiments, was also
explored. These experiment require a custom-designed solution-
state 'H-'3C-electron multiple-resonance DNP setup, capable of
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and e”—'3C ODNP conditions, as specified in each panel. Shown in panels (f-i) are reversed INEPT 'H spectra acquired assuming a J('H-'3C) = 240 Hz. All spectra were acquired
by co-adding 16 scans for signal averaging with d; = 20 s; all ppm scales were adjusted according to the literature data [43]. Full-widths at half-heights (FWHH) for the >C
with and without MW irradiation were 23 Hz and 70 Hz, respectively; those for 'H with and without MW were 31 Hz and 36 Hz, respectively. Note that different receiver gain
factors were used in measuring the 'H spectra: gain for (e) was twice as for (f-i). Numbers indicate relative peak areas stemming from taking thermal '*C/'H {'H/'3C}-

decoupled intensities of unity.

delivering quality RF pulses and intense MW fields, without com-
promising on the abilities of the solution NMR acquisitions. Fur-
ther, these acquisitions were assayed using relatively large
(60 ~ 100 pL) sample volumes, while operating at high magnetic
fields (14.1 T) of analytical interest. As a result of all these
demands, the ODNP enhancements reported in this study were
not as high as they could be: for instance in our previous publica-
tion, employing nearly the same setup and this study, [24] e —'3C
ODNP enhancements of up to ~ 80 were reported for >CHCl; -as
opposed to the ~20x enhancement reported here. The previous
study, however, used higher MW powers and longer MW irradia-
tion times; these conditions caused heating and temperature gra-
dients in the sample, leading to substantial peak broadening and
a significant loss in spectral resolution [24]. Such broadenings
would have made meaningless the acquisition of 'TH NMR data,
characterized as they are by a much narrower ppm range than
its heteronuclear counterpart. A sweet spot was therefore sought
where good resolution and significant ODNP enhancements, could
be simultaneously achieved. The experimental results shown in
Figs. 3-6 evidence such achievements, with 'H-decoupled '3C
FWHHs increasing by under 50 % and showing negligible chemical
shift displacements after 2 s of ~5W 'H irradiation concurrent with

a ~13 W MW irradiation. Larger ODNP enhancements (as mea-
sured by peak areas) could have been achieved if extending these
irradiation times, yet the resolution of the ensuing spectra would
have suffered unless extending even further the already long recy-
cle delays used in this study. This would in turn compromise the
sensitivity/unit_time performance of ODNP NMR; additional
improvements in MW heating management are thus in progress
in order to reap the full benefits of higher MW-driven enhance-
ments. It is worth pointing out that temperature-gradient-driven
NMR line broadenings are not uniform, and vary from compound
to compound (e.g., chloroform’s 'C peak position is more sensitive
to temperature than tetrachloromethane’s) as well as from nucleus
to nucleus. Hence, the acceptable degree of sample heating will
vary depending on the specifics of the application. Also important
to remark is the role of the solvent, whose dielectric losses will be
the main determinants of the MW heating arising in large-volume
DNP experiments; for instance, the experiments that were demon-
strated here using essentially apolar solvents, would be impossible
in absorbing solvents such as water, both because of sample heat-
ing and of limited MW penetration.

With these '>C enhancements achieved, rINEPT-based '3C — 'H
transfers were explored to port ODNP’s polarization gains to the
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Fig. 6. Summary of >C (a-d) and 'H (e-g) standard, NOE- and ODNP-enhanced NMR results measured on a 0.44 M '3Cg-indole, 10 mM TEMPO sample in 60 uL heptane-d;s/p-
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heteronuclear-decoupled, thermal acquisition counterparts. Each '3C / 'H spectrum coadded 64 | 16 scans, respectively. d; and d, times used (cf. Fig. 2) were 5 and 2 s,
respectively. The delay time 1/4J('H-'3C) used in the rINEPT sequences leading to the spectra in the right-hand column was determined by J(*H-'3C) = 160 Hz. The chemical
shifts of the '>C and 'H peaks were calibrated according to literature values [49]. Upon applying MW, the FWHH for the heteronuclear decoupled 'H and '3C peaks changed on

average from 26 to 33 Hz and from 40 to 80 Hz, respectively.

more sensitive 'H species. Such an approach is inherently of lim-
ited efficiency due to its reliance on transferring from a low- to a
high-y nucleus, yet it presents advantages and opportunities previ-
ously demonstrated for dissolution DNP methods -also a class of
experiments feasible mostly on low-gamma nuclei. The signal
increases that could then be observed in the 'H spectra were near
the expected maxima, and in all cases served to enhance the proton
signals over their thermal counterparts. Further investigations are
in progress to explore further uses of the ODNP enhancements
achievable in these heteronuclear experiments, particularly in con-
nection to extensions of ODNP-enhanced NMR to 2D heteronuclear
correlations.

Another aspect explored in these multinuclear studies concerns
the role of the 'Hs and, in particular, of a concurrent 'H saturation
upon executing ODNP, on the polarization enhancement achieved
by the '3C. On thermal samples it was observed that the addition
of a TEMPO radical (10 mM) to the solution under study, quenched

the full-sized one-bond NOE effects that were otherwise present in
a radical-free, deoxygenated counterpart. This is to a large degree
expected, given the substantial paramagnetic relaxation competi-
tion brought about by the addition of the free radical -particularly
of a free radical that will interact with the '3C to later lead to an
ODNP enhancement [23]. Interestingly, the ODNP enhancement
changed negligibly upon concomitantly irradiating the 'H that is
in principle also involved in the formation of the transient species
enabling the scalar-driven enhancement. This lends credence to
the claim that the 'H nucleus plays little or no significant role in
facilitating the e"—'3C polarization transfer, and that this is depen-
dent on direct electron radical spin density positioning at the car-
bon nucleus.

A final topic worth discussing concerns the roles that different
moieties play in enabling the e’—'3C scalar interaction. It is spec-
ulated that protons attract radical electrons by forming a
hydrogen-bonding-like interaction, thereby aiding to a closer con-
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tact between the electron and '3Cs [23,28,31]. This is consistent
with the observation (Fig. 3) that '>CHCl;, which contains a 'H,
shows a superior e-'>C ODNP enhancement effect than 3CCl, that
does not contain any hydrogen. It is also consistent with the sites
C3 and C6 showing the largest enhancements in indole (Fig. 6).
These '3C-'Hs would be under favorable conditions for forming
an e-3C scalar coupling interaction by creating five- or six-
membered ring complexes with the TEMPO radical electron; the
hydrogen-bonding-like connections in these hypothetical rings
could lead to 2j(e-'3C)-type scalar couplings (Scheme 1) favoring
the ODNP. It is interesting to note, however, that despite being
the closest 3C from the amine group the quaternary site C9 does
not show any noticeable e-'>C ODNP enhancement, remarking
again the importance of having a hydrogen-bond-like structure
in enabling these effects.
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